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Two viruses with a novel hemagglutinin (HA), A/duck/Australia/341/83 and A/shearwater/West Australia/2576/79, have
been isolated from a duck and a shorebird in Australia. Hemagglutination inhibition and double immunodiffusion assays
failed to reveal cross-reactivity with any of the known subtypes (H1 to H14). We therefore propose that these viruses
constitute a new HA subtype, H15. Sequence analysis of the HA genes confirmed the serologic findings. When compared
at the amino acid level, the HA1 region of the H15 subtype differs from those of the other subtypes by 30% and more. This
degree of heterogeneity is also found among HA genes of other subtypes. Thus we propose that amino acid sequence
data should be evaluated when determining the HA subtypes of influenza A viruses. Sequence comparison and phylogenetic
analysis suggested that the HA subtype H15 is most closely related to the H7. Compared to the H7 HA, the H15 acquired
a 30-nucleotide insertion within HA1 at position 253 which is located in the globular head of the molecule. This finding
suggests that RNA recombination, although a rare event in nature, may play an important role in the evolution of influenza
viruses. q 1996 Academic Press, Inc.
INTRODUCTION coded by the HA1 subunit, which are much more variable
than those in the HA2 region which forms large parts of
Influenza A viruses have been isolated from many the HA stalk. Thus Kawaoka et al. (1990) suggested that
avian species worldwide (Slemons et al., 1974; Hinshaw nucleotide and amino acid sequence information of the
et al., 1980; Su¨ss et al., 1994). Wild aquatic birds are HA1 should also be evaluated when determining HA sub-
considered the primordial reservoir of influenza A vi- types of influenza A viruses.
ruses, because this population harbors the entire spec- During surveillance studies in Australia, influenza A
trum of subtypes. According to the current classification viruses were isolated from various healthy waterbirds
system, these viruses are assigned to specific subtypes and shorebirds (Mackenzie et al., 1984). Two isolates
based on the antigenicity of the major surface glycopro- could not successfully be assigned to any of the 14
teins, hemagglutinin (HA) and neuraminidase (NA) (WHO known HA subtypes. We compared the antigenic and
Memorandum, 1980). genetic characteristics of the HA from A/duck/Australia/
Fourteen HA and nine NA subtypes have previously 341/83 (H?N8) and A/shearwater/West Australia/2576/79
been identified based on reactivity in double immunodif- (H?N9) to the known HA subtypes. Our results show that
fusion assays (WHO Memorandum, 1980; Hinshaw et al., wild birds in Australia harbor influenza A viruses with
1982; Kawaoka et al., 1990). This technique distinguishes HA molecules that are antigenically and genetically dis-
between viruses of different HA subtypes, but is less tinct from the 14 known HA subtypes. We therefore pro-
sensitive in differentiating viruses within the same sub- pose that the HA molecules of A/duck/Australia/341/83
type (Schild et al., 1980). and A/shearwater/West Australia/2576/79 belong to a
The molecular basis for different antigenic reactivities new subtype, H15.
of the HAs are differences in the amino acid sequences.
Wiley et al. (1981) showed that the antigenic sites for H3
MATERIALS AND METHODSHA molecules are located on the globular head of the
HA. This portion of the HA comprises amino acids en-
Viruses
A/duck/Australia/341/83 (H?N8; DkAU83) and A/shear-1 To whom reprint requests should be addressed at Department of
water/West Australia/2576/79 (H?N9; ShWA79) were iso-Virology and Molecular Biology, St. Jude Children’s Research Hospital,
332 North Lauderdale, Memphis, TN 38105. lated from cloacal swabs of healthy birds in Australia
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TABLE 1and were provided by the Australian Animal Health Labo-
ratory, Commonwealth Scientific and Industrial Research Viruses Used for Preparation of Antisera and Sequence Analysis
Organization, Victoria, Australia. The viruses were culti-
GenBankvated in 11-day-old embryonated chicken eggs. The NA
Subtype Virus Accession No.antigens of these viruses were identified as N8 and N9
for DkAU83 and ShWA79, respectively.
Viruses used for preparation of antisera
H1 A/Puerto Rico/8/34 (H1N1)Preparation of reassortant virus
H1 A/Fort Monmouth/1/47 (H1N1)
A reassortant virus containing the H? from DkAU83 H1 A/swine/Iowa/15/30 (H1N1)
H1 A/duck/Alberta/35/76 (H1N1)and the N1 from A/Bellamy/42 (H1N1) (Bel) was prepared
H2 A/Singapore/1/57 (H2N2)as described by Webster (1970).
H2 A/mallard/NY/6750/78 (H2N2)
H3 A/Hong Kong/1/68 (H3N2)Serological studies
H3 A/equine/Miami/1/63 (H3N8)
H3 A/duck/Ukraine/1/63 (H3N8)Hemagglutination inhibition tests (HI) were performed in
H4 A/duck/Czechoslovakia/56 (H4N6)microtiter plates with receptor-destroying enzyme-treated
H5 A/tern/South Africa/61 (H5N3)
antisera (WHO Collaborating Center for Reference and Re- H6 A/turkey/Massachusetts/3740/65 (H6N2)
search on Influenza, 1982). To prepare monospecific antise- H6 A/shearwater/Australia/1/72 (H6N5)
H7 A/equine/Prague/1/56 (H7N7)rum against DkAU83 HA, the DkAU83 (H?)-Bel(N1) reas-
H7 A/FPV/Rostock/34 (H7N1)sortant was grown in 11-day-old embryonated chicken
H8 A/turkey/Ontario/6118/68 (H8N4)eggs. The reassortant present in the allantoic fluid was
H9 A/turkey/Wisconsin/1/66 (H9N2)
concentrated with a hollow fiber concentrator (Amicon, Bev- H10 A/chicken/Germany/N/49 (H10N7)
erly, MA) and purified by differential sedimentation through H11 A/duck/England/56 (H11N6)
H11 A/duck/Memphis/546/74 (H11N9)a 25–70% sucrose gradient. Disruption of the reassortant
H12 A/duck/Alberta/60/76 (H12N6)with sodium dodecyl sulfate (SDS) and electrophoretic sep-
H13 A/gull/Maryland/704/77 (H13N6)aration of the proteins on cellulose acetate (Laver, 1964;
H14 A/mallard/Gurjev/263/82 (H14N5)
Laver and Webster, 1972) were not successful, because
the HA of DkAU83 was not stable in 1% SDS (w/v). Thus Viruses used for sequence homologies and phylogenetic analysis
we used an alternative method. The purified reassortant
H1 A/duck/Alberta/35/76 (H1N1) D10477virus was disrupted by octylglucoside (7.5%) (Johansson et
H2 A/pintail/Praimoric/625/76 (H2N2) L11141
al., 1989). HA and NA were separated from the virus parti- H3 A/duck/Ukraine/1/63 (H3N8) J02109
cles by centrifugation at 21,000 g and adsorbed to chicken H4 A/duck/Czechoslovakia/56 (H4N6) D90302
H5 A/chicken/Pennsylvania/1/83 (H5N2) J04325red blood cells (CRBC). These were washed thoroughly
H6 A/shearwater/Australia/1/72 (H6N5) D90303with PBS and tested for residual NA or NP antigen by ELISA
H7 A/FPV/Rostock/34 (H7N1) M24457with negative results. The CRBC containing 10,000 HAUs
H7 A/turkey/Oregon/71 (H7N3) M31689
of DkAU83 were reinjected intravenously into the chickens H7 A/duck/Hong Kong/293/78 (H7N2) U20461
from which they were harvested. Intravenous injections H7 A/chicken/Leipzig/79 (H7N7) U20459
H7 A/seal/Massachusetts/1/80 (H7N7) K00429were repeated four times (the first booster was given 10
H7 A/chicken/Victoria/1/85 (H7N7) M17735days after the initial injection, and the second through fourth
H7 A/equine/Prague/1/56 (H7N7) X62552boosts were given 4–5 days after the previous injections),
H7 A/equine/London/1416/73 (H7N7) M58657
and antiserum was collected 3 days after the last injection. H8 A/turkey/Ontario/6118/68 (H8N4) D90304
A neuraminidase inhibition assay verified that the antise- H9 A/turkey/Wisconsin/1/66 (H9N2) D90305
H10 A/chicken/Germany/N/49 (H10N7) M21646rum was negative for NA antibodies. The viruses used
H11 A/duck/England/56 (H11N6) D90306for preparation of reference antisera are listed in Table
H12 A/duck/Alberta/60/76 (H12N6) D903071. Monospecific hyperimmune antisera to each of the HA
H13 A/gull/Maryland/704/77 (H13N6) D90308
subtypes were produced in goats as previously described H14 A/mallard/Gurjev/263/82 (H14N5) M35997
(Webster et al., 1974; Schild et al., 1980).
The double immunodiffusion assay was performed as
reported by Schild et al. (1980). Viruses were grown, (Bean et al., 1980). Single-strand cDNA was synthesized
concentrated, and purified as described above. Purified with reverse transcriptase (Life Sciences, Inc., St. Peters-
virus was disrupted by 1% sodium lauroyl sarcosinate. burg, FL) and amplified by PCR with Taq DNA polymerase
The same antisera were used as for the HI assays. (Promega, Madison, WI) after the procedure of Katz et
al. (1990). Oligonucleotide primers were synthesized by
Polymerase chain reaction (PCR) and sequencing
the Center of BioTechnology of St. Jude Children’s Re-
search Hospital (Memphis, TN; primer sequences avail-RNA was extracted from virus-containing allantoic fluid
by a previously described phenol–chloroform procedure able upon request). The reaction was completed in a
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programmable thermal controller (MJ Research, Inc., Wa- (H7N1), which were replaced by A/Hong Kong/1/68
(H3N2), A/chicken/Mexico/31381-Avilab/94 (H5N2), andtertown, MA). Amplified DNA was purified with the Wizard
PCR Prep kit (Promega, Madison, WI). A/ruddy turnstone/New Jersey/65/85 (H7N3), respec-
tively. DkAU83 and ShWA79 did not react with any ofThe nucleotide sequences of the HA genes were de-
termined by sequencing at least two PCR products of the reference antisera (HI titers of less than 40 were
considered negative, because of nonspecific inhibitioneach RNA segment using the dideoxynucleotide chain-
termination method (Sanger et al., 1977). Oligonucleotide of hemagglutination by the hyperimmune goat antisera
against subtypes H1 to H14 of up to a titer of 20), norprimers complementary to the HA segment were end-
labeled with [g-32P]ATP (ICN Pharmaceuticals Inc., Costa did the monospecific antisera against the HA of DkAU83
react with the HA of any reference virus (Table 2). Hem-Mesa, CA), annealed to template DNA, and extended
by Taq DNA polymerase with the fmol DNA sequencing agglutination by ShWA79 was inhibited with a-DkAU83
antiserum at an HI titer of 20. In the case of the chickensystem (Promega, Madison, WI) in a programmable ther-
mal controller. Reaction products were separated on a antiserum against DkAU83, which did not produce non-
specific inhibition of hemagglutination at dilutions as low6% polyacrylamide/7.8 M urea gel containing a 1.0 to
5.01 TBE (90 mM Trisborate, pH 8.0, 2 mM EDTA) gradi- as 1:10, this value was considered positive, but it was
much lower than that for DkAU83 (HI titer: 320). Thisent. The first 24 and the last 20 nucleotides of both HA
sequences were obtained from the PCR primer se- observation suggests that although both viruses from
Australia did react with the DkAU83 antiserum, they arequences.
The sequence between nucleotides 800 and 880 of antigenically quite different.
Since the HI test does not always detect cross-reac-DkAU83 was also determined by direct RNA sequencing
with the dideoxynucleotide chain-termination method. tions between different antigens which belong to the
same HA subtype, we examined cross-reactivity in dou-RNA extracted from purified virus was used as a tem-
plate. Oligonucleotide primers were end-labeled with [g- ble immunodiffusion assays. Based on sequence analy-
sis (see below) detailed comparisons in the double im-32P]ATP, annealed to the RNA template, and extended by
reverse transcriptase. munodiffusion assay (Schild et al., 1980) were only made
between DkAU83 and its closest related subtype, H7,
using avian as well as equine H7 viruses. The monospe-Sequence analysis and phylogenetic analysis
cific goat antisera to the reference H7 viruses produced
The IntelliGenetics suite, release 5.4 (IntelliGenetics, strong lines of precipitation with their homologous vi-
Inc., Mountain View, CA), was used to translate and align ruses but no precipitation with DkAU83. The chicken anti-
the nucleotide sequence data. The alignment of nucleo- serum against DkAU83 HA produced a single weak line
tide sequences was done using the following parame- of precipitation only with the homologous virus that could
ters: amino acid residue length, 2; deletion weight, 5; not be photographed, indicating that the antibodies that
length factor, 0; matching weight, 1; nucleic acid residue reacted well in HI tests were nonprecipitating. Thus this
length, 4; spread factor, 50. Phylogenetic analysis by the assay confirmed that DkAU83 is antigenically distinct
maximum parsimony method determined the minimum from all known HA subtypes.
number of mutations needed to account for the sequence
differences (Fitch, 1971). Searches for the most parsimo-
Sequencing analysisnious trees of the nucleotide sequences were done with
PAUP software, version 2.4 (David L. Swofford, Illinois The sequences for the HA genes of DkAU83 and
Natural History Survey, Champaign, IL), using the MULP- ShWA79 have been entered in the GenBank database
ARS and global swap options. In this system, tree length and have been assigned Accession Nos. L43916 and
is measured in steps that are equivalent to nucleotide L43917, respectively. Both genes are 1762 nucleotides
changes. The total tree length is the sum of all branch in length, with a single open reading frame that spans
lengths. position 22 to 1732.
The deduced amino acid sequences of the mature HAs
RESULTS (after removal of signal sequences) were aligned with those
of other HA subtypes (Table 1) using the Genalign programAntigenic analysis
of the IntelliGenetics Suite, release 5.4. Amino acid inser-
tions or deletions were counted as mismatches. The HAThe antigenic relationship between the HAs of
DkAU83, ShWA79, and other HA subtypes was deter- of DkAU83 has the highest homology with the H7 HA gene
[77.5% overall homology with A/FPV/Rostock/34 (H7N1);mined through HI tests with monospecific antisera
against DkAU83 and the HAs of reference viruses (Table Fig. 1A]. We also compared the homologies between
DkAU83 and nine H7 HAs (H7 viruses used are listed in1). The viruses used in the HI were the same as for
preparation of antisera except for A/Aichi/2/68 (H3N2), Table 1) with those from other closely related subtypes
such as H4 and H14, or H2 and H5 (Fig. 1B). The overallA/tern/South Africa/61 (H5N3), and A/FPV/Rostock/34
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TABLE 2
Comparison of the Putative H15 Subtype with Other HA Subtypes
Hemagglutination inhibition assay
Viruses
Antiserum DkAU83 (H?N8) ShWA79 (H?N9) H1–H14
H1 –H14 40a 40 80–5120b
DkAU83 320 20 10
Double immunodiffusion assay
Virusesc
DkAU83 EqPr56 EqLo73 TyOR71 TyMN80 SnPo81
Antiserum (H?N8) (H7N7) (H7N7) (H7N3) (H7N3) (H7N7)
H7 d 0 /e / / / /
DkAU83 / 0 0 0 0 0
a HI titers are the reciprocal of the dilution inhibiting 4 HA of a virus.
b Each reference serum was tested with the homologous virus.
c Abbreviations used: EqPr56, A/equine/Prague/1/56 (H7N7); EqLo73, A/equine/London/1416/73 (H7N7); TyOR71, A/turkey/Oregon/71 (H7N3);
TyMN80, A/turkey/Minnesota/1237/80 (H7N3); SnPo81, A/swan/Potsdam/63/81 (H7N7).
d H7 antiserum was prepared against the hemagglutinin of A/equine/Prague/1/56 (H7N7) and A/FPV/Rostock/34 (H7N1). Both sera were tested
against DkAU83. In the case of the H7 antigens only equine or avian H7 antiserum was used.
e /, a single line of precipitation was detected in double immunodiffusion assays.
amino acid homology between DkAU83 and the H7 HAs is found within the globular head of the molecule, as are
important antigenic epitopes in the HA of other subtypes.ranged from 73.5 to 78.6% compared to 77.1% for H4 and
H14, and 76.0% for H2 and H5 HA genes (Fig. 1B). Because Khatchikian et al. (1989) and Orlich et al. (1994)
found insertions in the influenza HA which originated fromIn addition, we assessed the amino acid homologies
of the HA subunits. Homologies between HA1s of cellular and viral genes, respectively, we searched the data-
bases with the 30 nucleotides encoding the additionalDkAU83 and H7 viruses range between 67.5 and 71.3%,
compared to 66.7% between H4 and H14, and 69.6% for amino acids. We failed to identify any sequence whose
homology to the search string exceeded 72%.the H2 and H5 subtypes (Fig. 1B). The homology between
the HA1 regions of viruses within an established subtype The HA genes of DkAU83 and ShWA79 have seven
potential glycosylation sites (Asn-X-Ser/Thr; Struck et al.,exceeds 80% (Kawaoka et al., 1990; Nobusawa et al.,
1991). The HA2 subunit, which forms most of the HA 1978; Fig. 2A). The four sites common to H7 and our
Australian viruses (positions 12 and 28 in HA1 and posi-stalk, is very conserved among subtypes. In the case of
DkAU83 and the H7 viruses, HA2 amino acid homology tions 82 and 154 in HA2) are in the stem region of the
HA. Two of them (position 12 in the HA1 subunit andis between 82.8 and 90.0% and is lower than that found
between the H4 and the H14 subtypes (Fig. 1B). This position 154 in the HA2 subunit) are highly conserved
among all influenza A subtypes. The locations of thefinding suggests that the DkAU83-like and H7 HAs might
have diverged earlier than did the H4 and H14 subtypes, other glycosylation sites within the HA1 subunit differ
between the two Australian viruses (positions 82 andwhose HA2 regions are 96.7% homologous.
The HA genes from the Australian viruses encode an 156) and H7 viruses (positions 123 and 231).
The connecting peptides between HA1 and HA2 ofunprocessed precursor polypeptide of 570 amino acids
(Fig. 2A). Assuming DkAU83 HA is processed by a signal DkAU83 and ShWA79 consist of the same number of
amino acids as those of nonpathogenic H7 viruses. Theypeptidase as H7 HAs, we predict that the HA molecules of
DkAU83 and ShWA79 consist of an 18-amino-acid signal also feature two basic amino acids at the HA cleavage
site, histidine at position 03 of the HA1 (substituted bypeptide and the 552-amino-acid mature peptide. In contrast,
the mature peptide for the HA of nonpathogenic H7 viruses an arginine in the HA of ShWA79) and arginine at position
01. However, both Australian viruses have isoleucine atis only 542 amino acids in length (Fig. 2A). This difference
results from a 10-amino-acid insertion at position 253 in position 04 (Fig. 2A) instead of proline, which is highly
conserved among H7 viruses.the HA1 of DkAU83 and ShWA79. Based on the three-
dimensional structure of the H3 HA (Wilson et al., 1981; There are many differences between the HA genes of
DkAU83 and ShWA79, which account for the differentWiley et al., 1981), we conclude that this inserted sequence
AID VY 7786 / 6a12$$$343 02-12-96 13:35:11 vira AP: Virology
512 RO¨HM ET AL.
FIG. 1. (A) Homology at the amino acid level between the mature HA (signal peptide excluded) of DkAU83 and that of HA subtypes 1 through
14. The viruses are listed in Table 1. A/FPV/Rostock/34 (H7N1) represented the H7 viruses in this comparison. Insertions and deletions were
interpreted as mismatches. (B) Homology between the amino acid sequences of HA0, HA1, and HA2 of DkAU83 and nine H7 viruses, compared
to homologies between the closely related HA subtypes, H2 and H5, and H4 and H14. The viruses used in the analysis are listed in Table 1.
Insertions and deletions were interpreted as mismatches.
antigenic reactivities in HI assays. A total of 50 nucleotide HA with the H7 subtype, before H7 HAs formed different
lineages.changes led to 20 amino acid substitutions (Fig. 2B)—
1 in the HA signal peptide, 17 in the HA1 subunit, and Phylogenetic relationship to all the other subtypes was
also determined. The HA nucleotide sequences of2 in the HA2 region. Thus the HA genes are 96.56%
homologous in their amino acid sequences. Three nucle- DkAU83 and the other 14 HA subtypes were aligned
using conserved residues in the amino acid sequencesotide substitutions are located in the sequence corre-
sponding to the 10-amino-acid insertion in HA1, leading as reference points (Nobusawa et al., 1991). Nucleotide
sequences encoding the mature HA were used, and allto a single amino acid change at position 259. The poten-
tial glycosylation sites are identical for both HA genes. insertions were excluded from the analysis. The shortest
evolutionary path connecting all the subtypes required
5934 steps (Fig. 4). This phylogenetic tree confirms thatPhylogenetic analysis
the HA of DkAU83 is most closely related to H7 HA
genes. However, there is a significant distance betweenTo examine the phylogenetic relationship between
DkAU83, ShWA79, and 26 H7 viruses, we aligned the DkAU83 and H7 viruses (458 steps), which is very similar
to the distances between H4 and H14 (477 steps) andsequences of the entire HA1 and the first 51 nucleotides
of the HA2, because this region was available for all the H2 and H5 (475 steps) viruses.
sequences obtained from GenBank. The signal peptide,
the insertions of the Australian viruses, and insertions at DISCUSSION
the cleavage site of H7 viruses were excluded. The tree
was rooted to an H10 HA sequence because of the high In this report, we describe antigenic and genetic char-
acterization of a new HA from avian influenza A viruseshomology between H7 and H10 subtypes (Air, 1981; No-
busawa et al., 1991). The shortest tree required 1772 from Australia. Based on results from serological assays
and sequence analysis, we propose that these virusessteps to connect all 29 HA genes. This phylogenetic tree
(Fig. 3) shows all H7 viruses clustered in one major constitute a new subtype, H15. HI assays and double
immunodiffusion tests failed to demonstrate any cross-branch that is separated into a North American avian,
a Eurasian avian, and an equine lineage. DkAU83 and reactivity with the 14 known HA subtypes. Molecular
analysis of the HA genes supported the findings of theShWA79 are located on a separate branch, suggesting
that these two viruses shared only one common ancestor serological assays. The degree of amino acid homology
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FIG. 2. (A) The amino acid sequence of the HA from DkAU83 compared to an H7 HA gene from a nonpathogenic avian virus (A/swan/Potsdam/
63/81, GenBank Accession No. U20467). The areas corresponding to the signal peptide (SP), HA1, and HA2 are shown. Amino acid positions are
indicated by the numbers below the genes; the symbols and amino acid position numbers above the diagram correspond to potential glycosylation
sites. The black insert in the DkAU83 HA represents a 10-amino-acid insertion at position 253. The amino acid sequences of the HA cleavage sites
of both genes are shown for comparison. (B) Amino acid differences between the HA genes of DkAU83 and ShWA79. Amino acid positions are
indicated for the signal peptide (SP), HA1, and HA2.
for the HA1 of DkAU83 and different H7 HA1 genes (67.5 – in the aquatic bird population in Australia. With the pres-
ence of various H15 viruses, it is fair to assume that the71.3%) is similar to that usually seen between closely
related but different subtypes (such as H2 and H5; Fig. H15 subtype emerged a long time ago and since then
gained a considerable genetic diversity. Our phyloge-1B). In contrast, HA1 genes belonging to the same sub-
type have similarities higher than 80% (Kawaoka et al., netic analysis supported this idea. A common ancestral
HA with the H7 subtype existed before H7 HAs were1990; Nobusawa et al., 1991). In addition, potential glyco-
sylation sites in the globular head region of the H15 HA separated into host-specific and geographically distinct
lineages. Thus H15 probably emerged at the same pointare located in different positions compared to H7 HA
genes. in time as did the H7 subtype which later also estab-
lished a geographically distinct sublineage in Australia.Although isolated at the same time and in the same
region, viruses with the new HA were found in different It is interesting to note that earlier studies with the H15
viruses had suggested that they represented aberranthosts (ducks and shorebirds; isolates with an HA identi-
cal to that of ShWA79 were also found in ducks, lesser H7 HAs (Mackenzie et al., 1984).
So far, viruses with the H15 HA have only been isolatednoddies, and terns) and in combination with different NA
subtypes (N8 and N9). The antigenicities of the HAs from in Australia. There is some precedent for the special
location of Australia in terms of influenza virus evolution.DkAU83 and ShWA79 differ; ShWA79 had a lower HI titer
with a-DkAU83 antiserum than did the homologous virus. Gorman et al. (1990) showed that the evolution of avian
NP genes follows a geographic pattern, with a separateIn addition, the HAs of DkAU83 and ShWA79 are signifi-
cantly different at the amino acid level, with a homology avian lineage limited to Australia. Phylogenetic analysis
has shown a similar geographic confinement for H7 HAof only 96.56%. Although both viruses contained the 10-
amino-acid insertion, they had accumulated three nucle- genes (Ro¨hm et al., 1995). Thus, the isolated evolution
of H15 in Australia is not unlikely and may account forotide substitutions leading to one amino acid change
within the insertion. These findings show that antigeni- the absence of this subtype among viruses from the rest
of the world.cally and genetically different H15 strains are circulating
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obtained a mutant of A/seal/Mass./1/80 (H7N7) with a
60-nucleotide insertion at the HA cleavage site which
was due to intersegmental RNA recombination between
the HA and the nucleoprotein gene of the same virus.
Although we were unable to trace the 30-nucleotide in-
sert of our Australian viruses to any viral or cellular gene,
nonhomologous recombination between viral and cellu-
lar RNA may have led to the insertion. Nonhomologous
recombination in influenza viruses has been described
several times. Fields and Winter (1982) proposed that
defective–interfering RNAs are derived by intersegment
recombination. Bergmann et al. (1992) described a gen-
eration of influenza A viruses that resulted from RNA
recombination events in a ribonucleoprotein transfection
system. Since the HA in which the insertion occurred
originally is unknown, speculation about the mechanism
responsible for the initial recombination event, which
might include a copy choice or a breakage-joining pro-
cess (Lai, 1992), is difficult.
That the 30-nucleotide insertion lies within the H15 HA
gene, which is translated into a stable surface glycopro-
tein, emphasizes the possible importance of RNA recom-
bination in creating genetic diversity among influenza
viruses. In vitro RNA recombination has been reported
for several RNA viruses. Members of the picornavirus
and coronavirus families demonstrated RNA recombina-
tion between viral RNAs (Cooper, 1977; Makino et al.,
1986). Bujarski and Kaesberg (1986) showed that RNA
FIG. 3. Phylogenetic tree for the HA genes of DkAU83, ShWA79, and
H7 influenza A viruses. Nucleotide positions 76 to 1038 were used for
H7 HA genes, and 76 to 1048 for DkAU83 and ShWA79. All insertions
were excluded prior to the analysis. The tree was rooted to an H10
HA sequence [A/chicken/Germany/N/49 (H10N7), GenBank Accession
No. M21646]. The nucleotide tree required 1772 steps to join the 29
HA sequences. Horizontal distances are proportional to the number of
nucleotide changes required to join nodes and HA sequences. Vertical
lines are for spacing branches and labels. The arrow to the left indi-
cates the direction of the H10 HA sequence from the root node. The
HA sequences used in this analysis were obtained from GenBank or
literature (Accession Nos.: K00429, M17735, M24457, M31689, M58657,
U20458, U20459, U20461–U20471, X61627, X62552–X62554, X62556,
X62557, and X62559; reference for A/chicken/Brescia/1902 (H7N7) and
A/FPV/Weybridge/27 (H7N7) is Klimov et al. (1992).
The additional 10 amino acids in the HA1 region are
an interesting feature of the H15 HA molecule. Although
insertions of this length occur uncommonly among influ-
enza A HAs, in vivo and in vitro examples have been
reported. All equine H7 viruses have acquired a 10-
FIG. 4. Phylogenetic tree of HA genes of DkAU83 and viruses of
amino-acid insert at the HA cleavage site, compared to different HA subtypes. The nucleotide sequences encoding the mature
their avian counterparts (Gibson et al., 1992). Even longer peptide were used for this analysis. All insertions were excluded prior
to the analysis. The tree was rooted by its midpoint. The nucleotideinsertions at the HA cleavage site were obtained by
tree required 5934 steps to join the 15 HA sequences. Horizontal dis-adapting H7 viruses to replication in chicken embryo
tances are proportional to the number of nucleotide changes requiredcells. Khatchikian et al. (1989) described a mutant of
to join nodes and HA sequences. Vertical lines are for spacing
A/turkey/Oregon/71 (H7N3) containing a 54-nucleotide branches and labels. The HA sequences used in this analysis were
insertion at the HA cleavage site that originated from a obtained from GenBank and are listed in Table 1. A/turkey/Oregon/71
(H7N3) represented the H7 viruses.region of cellular 28 S ribosomal RNA. Orlich et al. (1994)
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plant viruses (e.g., brome mosaic virus) may undergo Given the present static host–virus relationship of
aquatic birds and avian influenza viruses, antibody selec-RNA recombination when under selective pressure. RNA
recombination has only infrequently been observed in tion is probably irrelevant. But emergence of the H15 HA
in Australia and possible limitation to this continent makevivo. One example is the western equine encephalitis
virus, which arose by recombination between eastern geographical separation of an Australian virus reservoir
a very likely reason for the evolution of a new influenzaequine encephalitis virus and a Sindbis-like virus (Hahn
et al., 1988). Meyers et al. (1989) identified that recombi- HA subtype. It also provides the unique opportunity to
test this hypothesis. If geographical separation facilitatednation between viral and cellular RNAs led to a 228-
nucleotide insertion within the genome of a bovine viral the emergence of H15, these viruses in fact should be
limited to Australia. Further surveillance studies of aviandiarrhea virus. The insertion in the influenza H15 HA
once more demonstrates that RNA recombination events species worldwide could provide evidence for such a
limitation of H15 viruses to the Australian continent. How-might be more common in virus evolution than was
shown in the past. ever, we have to consider that although viruses may origi-
nally be reservoir specific, they could spill over to anotherInfluenza A viruses are assigned to different HA sub-
types based on their antigenic reactivity in HI and double geographically separated reservoir by changes in avian
migration patterns.immunodiffusion assays (Schild et al., 1980; WHO Memo-
randum, 1980). The antigenicity of a molecule is deter-
mined by its amino acid sequence. The five antigenic ACKNOWLEDGMENTS
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